Since reducing the blood flow to the kidneys by mechanical constriction of the renal arteries produces hypertension (2, 4, 6, 14) , it seemed desirable to ascertain whether decreasing renal blood flow by sfimulation of renal vasoconstrictor nerves might likewise cause an elevation in blood pressure. It is known (3, 7, 10, 15 ) that active renal vasoconstriction occurs in response to stimulation of the nerves to the kidney. However, under the conditions used in prior experiments the response has been of short duration, presumably because of rapid fatigue.
They were able to obtain a transient A clue to the reasons for their failure to obtain hypertension appears to be supplied by the work of Maltesos and Schneider (1938-39) . These investigators reported that stimulation of autonomic constrictor nerve fibers with sinusoidal currents of ten cycles per second or less caused vasoconstriction without fatigue in contrast to the rapid fatigue which occurred when higher frequencies were used.
Therefore it seemed desirable to study the effects of various types of electrical stimulation of the renal nerves over short and long periods of time on renal blood flow and arterial blood pressure. Since both the artery wall and its associated nerve fibers are stimulated by the method described below, the effects will be referred to as those of renal artery-nerve stimulation.
METHODS.
Medium sized mongrel dogs of either sex were used as the experimental animals. Shielded electrodes of no. 18 fine silver wire molded in lucite were slipped over both renal arteries and their accompanying nerves. An obturator molded of plastic closed the slot in the electrode block so that the artery and its associated nerves were enclosed within a smooth tube. The lead wires were silver wire cables made from 24 strands of no. 36 fine silver wire insulated with spectacle tubing. The resistance of the electrodes when in place was 800 to 2000 ohms.
In the acute experiments various types of current were used as stimuli. Alternating sine wave currents varying from one to three thousand cycles per second were tested. and interrupted direct currents of constant voltage were also tested.
form of the Baldes and Herrick (1, 8) type thermostromuhr. The stromuhr was molded of lucite using silver and constantan thermocouple elements. Silver wire cable was used in the leads.
For the acute experiments the dogs were anesthetized with ether during the operative procedure and then maintained with intravenous chloral hydrate. Through a midline abdominal incision either a bipolar electrode was put on the right renal artery, and all nerve fibers surrounding it, or a unipolar electrode was put on each renal artery with its accompanying nerves. The thermostromuhr was placed on the right renal vein to estimate renal blood flow. Carotid blood pressure was recorded on a kymograph with a mercury manometer. After a suitable control period the effect on blood flow and blood pressure of renal artery-nerve stimulation was observed and recorded.
For the prolonged renal artery-nerve stimulation dogs were prepared by fashioning a van Leersum (18) loop around the left carotid artery. Blood pressure was determined by the Riva Rocci (16) method using a cuff 5 cm. wide. Normal blood pressure levels were determined during a training and control period lasting from several weeks to thirteen months. A shielded unipolar silver electrode was then applied to each renal pedicle using aseptic technique. Through a lumbar incision the renal artery and all associated nerve fibers were carefully dissected free of fat. The shielded electrode was slipped over the artery and nerves and its obturator tied in place. Electrodes were applied to both renal arteries with associated nerves in the same operation. The leads were brought out through a stab wound in the back. A moulded and cushioned hardware cloth saddle was used to protect the leads. In the first experiment the dog wa*s kept in a canvas harness which restricted him from moving about. In the later experiments the dogs were placed in a narrow cage allowing them to lie down or stand at will, but not to turn completely around. The daily period of stimulation in the chronic experiments was between 20 and 22 hours. Blood pressure measurements were made and feeding was done during the remaining period in most instances. In one dog, stimulation was maintained during the period of blood pressure measurement. No striking difference in blood pressure was noted with either procedure, although the amount of exercise preceding the blood pressure measurements, and the general psychic state of the animal could be maintained more constant from day to day by making the blood pressure measurements before the daily cessation of stimulation. Sh RESULTS. 1. Acute stimulation. In experiments on ten anesthetized dogs, .ielded elec trodes were placed around the renal artery and its associated nerves as indicated above. This area was then stimulated with various types of electrical currents, i.e., continuous and interrupted constant voltage direct current, condenser discharges, and various frequencies of sine wave alternating current continuously and at intervals. During the period of stimulation renal blood flow was measured using a thermostromuhr applied to the renal vein, while blood pressure was recorded directly from the carotid artery.
Renal artery-nerve stimulation with current from an inductorium caused an immediate but transient marked vasoconstriction with a rapid return of the renal blood flow to normal while stimulation was continued.
Direct current stimuli of various durations and at various intervals did not successfully maintain vasoconstriction.
Higher frequencies of alternating current, 60 to 2700 cps., were found to result in early disappearance of the response with the return of the renal blood flow toward the initial level (table 1) . Attempts were made to prevent the decline in response when using higher frequency alternating currents by interrupting the current at intervals.
Stimulation for & to 5 second per second, and also stimulation for periods of one second in five was tested. These rest periods only served to slow the rate of decline of the response at the sacrifice of vasoconstrictor action.
In a series of experiments condenser discharges were also used as stimuli.
It was found that rapidly decaying condenser discharges led to early fatigue.
In one experiment on dog 5 (table 1) a slowly decaying condenser discharge was used at a rate of 21 stimuli per second. This stimulus caused a decrease of renal blood flow which was maintained for a period of 30 minutes.
However, rapidly decaying condenser discharges at a rate of 21 per second quickly led to loss of response.
In experiments on four dogs, sine wave alternating current's of one to five cycles per second were used as stimuli for periods varying from 4 to 86 minutes ( fig. 1 and table 1 ). In all cases there was a decrease of renal blood flow.
When stimulation was continued ten minutes or more renal blood flow was always reduced for some time after stimulation was discontinued.
The post-stimulus vasoconstriction was not marked after shorter periods of stimulation. In one of the longer experiments a 1.2 c.p.s. alternating current of 5 ma. (4 voltIs, 800 ohms) was employed for a period of 83 minutes ( fig. 1 ). With the onset of stimulation blood flow rapidly decreased from 190 cc. per minute to approximately 70 cc. per minute and then more slowly fell to slightly less than 40 cc. per minute. After the stimulus was discontinued the blood flow returned very slowly toward normal so that it was not until forty minutes later that the blood flow was again 180 cc. per minute.
There was no marked change of blood pressure during stimulation with low frequency alternating currents. Usually the blood pressure rose 4 to 10 mm. of Hg immediately after stimulation was started and then within a minute or two the pressure fell again to the previous level. Occasionally the blood pressure appeared to remain a few millimeters of mercury above the initial level during the period of stimulation, but since there was some variation of the blood pressure with the state of anesthesia this rise does not appear to be significant.
In no case was there any decrease of blood pressure in response to the stimulation.
In three experiments on very old dogs there was no change in the renal blood flow during renal artery-nerve stimulation with low-frequency alternating current. This observation may be fortuitous but is reported because no technical flaws were evident in the experiments in question. Failure to obtain renal vasoconstriction in young adult animals occurred in only one out of seven such dogs.
2. Chronic stimulation. The chronic experiments were divided into two general types as follows: In the period immediately before the electrodes were annlied the blood pressure was 140/90. Stimulation was started as soon as the animal had recovered from the anesthesia. Since there were no previous data available concerning an appropriate voltage for long time stimulation a voltage of 2 volts (peak) was used initially. The voltage was gradually increased to 4 volts over a period of about 4 days. Shortly after the stimulation was begun the blood pressure rose, fluctuating between 158/115 and 210/135. Stimulation was discontinued after four days of stimulation and the animal allowed to rest for 7 days. Hood pressure averaged about 165/115 during the seven day rest period. At the end of this period stimulation was again started at four volts (peak). On the second day of stimulation the blood pressure had risen to 270/180 mm. Hg. Stimulation was discontinued for one day with a resultant fall in blood pressure to l70/130. Stimulation was then resumed at 4 volts.
After 36 hours of stimulation the blood pressure had again increased to a value of 250/170.
At this time the dog developed a staggering gait and would run into obstructions.
About twenty-four hours later convulsions occurred.
The blood creatinine at this time was found to be elevated from the control level of 1.0 mgm. per cent to 3.8 mgm. per cent. Cessation of stimulation was accompanied by rapid improvement in the condition of the animal. The electrode lead wires were accidentally broken on the 18th day after application, making further stimulation impossible.
The blood pressure was followed for an additional 22 days with the electrode blocks on the renal pedicles. During this period the blood pressure slowly fell to 160/115. the 40th day after application the electrodes were removed using aseptic technique. The blood pressure was again measured for a period of about 40 days following removal of the electrodes. There was no marked change of blood pressure after the electrodes were removed. Dog 2: During the control period of 21 days the blood pressure remained within the range 135/95 to 155/115. The mean blood creatinine level during this time was 1.3 mgm. per cent.
Application of the electrodes was followed by an increase in blood pressure to approximately 165/130 mm. Hg before electrical stimulation was begun.
(The blood pressure rose in this experiment after applying the electrodes without stimulation.) Five days after the electrode application stimulation was started at 2.5 volts. The stimulating voltage was gradually increased to 4 volts over a The stimulation was restarted and 12 hours later the blood pressure had increased to 198/160. The blood creatinine varied from 1.1 to 1.3 mgm. per cent during the period of stimulation. Stimulation was then discontinued for 7 days during which the blood pressure varied between 158/125 and 180/150.
At the end of the 7 day rest period the stimulation was begun again. In 12 hours the blood pressure rose to 220/180 and remained at approximately this level for 9 days. At this time the blood pressure began to rise further to a maximum of 238/194 and the blood creatinine was 2.1 mgm. per cent. On the 47th day after application of the electrodes the animal died.
On histological examination of the kidneys by Dr. E. T. Bell, slight hemorrhages were observed throughout the cortex and medulla. However, both renal arteries were nearly occluded by thrombus formation in the region of the electrodes.
Histological examination by Dr. Berry Campbell of the renal nerves both proximal and distal to the electrodes showed is inferred that this animal died from mechanical the nerves to be traumatic effects intact.
It of the electrode block on the renal arteries.
In subsequent experiments greater care was used in fitting the electrode blocks to the arteries. Dog 3, figure 2: For a period of two weeks prior to making blood pressure studies this dog was placed daily for a half hour in the cradle used for blood pressure measurements.
The dog was kept in the same cage and room throughout the entire experiment.
In an interval of nine days preceding application of the electrodes four blood pressure measurements were made which ranged from 115/78 to 135/91 mm. Hg. After application of the electrodes and before electrical stimulation was begun the blood pressure increased slowly for three days reaching a maximum of 150/108 mm. Hg, followed during the next two days by a gradual decline to 128/90 mm. Hg. Control blood pressures were recorded daily for eight additional days during which the blood pressure stabilized within a range of 126/84 to 138/94 mm. Hg.
Thirteen days after application of the electrodes stimulation was started at 1.5 volts at 2 c.p.s. Seven hours later the blood pressure was found to be 154/105 mm. Hg and 24 hours later 158/112 mm. Hg. Stimulation was gradually increased to 4 volts in the following two days. About 10 days after the beginning of stimulation (32nd day of the experiment) the blood pressure reached a plateau of approximately 185/125 mm. Hg. After 14 days of continuous stimulation (20-22 hrs. per day) stimulation was stopped. Twenty-four hours later the blood pressure had decreased to 154/100 mm. Hg and in 48 hours the blood pressure had fallen to 112/84 mm. Hg. After 6 days without stimulation the blood pressure stabilized at about 123/80 mm. Hg. of stimulation the stimulator was started again at 4 volts 2 c.p.s.
Nine days after cessation
Twenty-four hours later the blood pressure had increased to 156/110 mm. Hg and in 48 hours to 225/151 mm. Hg. Stimulation was continued for 27 days (20-22 hrs. per day). For the first 14 days of this period the blood pressure slowly declined to a mean of approximately 165/110 mm. Hg and then became fairly constant. (Toward the end of the 27 day period the pressure remained at about 160/105 mm. Hg.)
Cessation of stimulation was accompanied by an abrupt fall in blood pressure to 130/80 mm. Hg in 24 hours with the blood pressure stabilizing at about 120/85 mm. Hg after about 3 to 4 days without stimulation.
Frequency in relation to pain. It was observed in the acute experiments on anesthetized animals that the higher frequency sinusoidal currents, or faradic stimulation with an inductorium were more effective in stimulating pain fibers as indicated by a rise in blood pressure, labored respiration and dilatation of the pupil than the low frequency sinusoidal currents.
At the same time these higher frequency currents were found to be relatively ineffective in causing vasoconstriction in the kidney.
Observations on the relative effectiveness of high and low frequency sinusoidal currents for producing pain were also made on a conscious dog. When the renal artery-nerve of dog 2 was stimulated with a 60 c.p.s. alternating current of 2 volts for 15 seconds, there was maximal pupillary dilatation and the dog struggled violently.
On the other hand a current of 2 cycles per second was maintained at 5 volts for 30 seconds with no response in pupillary dilatation, respiration, or voluntary movement. During the period of prolonged renal artery-nerve stimulation the animals showed discomfort only when the current was first turned on, as evidenced by mild struggling. DISCUSSION. As was pointed out above it is well demonstrated that stimulation of the renal nerves can cause a temporary decrease of blood flow through the kidney.
On the other hand denervation of the kidney has not uniformly been found to increase the renal blood flow (17) . Milliken and Karr (13) reported that unilateral renal denervation in the dog caused an increase in blood flow and urine output which lasted for three months.
In uninephrectomized dogs, Herrick, Essex and Baldes (9) reported an immediate increase in blood flow following denervation, but observed a gradual adjustment so that in time the renal blood flow returned to the initial level.
The acute experiments on anesthetized dogs reported here indicate that the renal blood flow can be drastically reduced by low frequency, low voltage stimulation of the renal arterial wall and its associated nerve fibers.
Higher frequency stimulation leads to an early decline in the response, which may be due to fatigue.
Condenser discharges with slow decay rates are superior to those with rapid rates of decay in obtaining prolonged vasoconstrictor effects. Sinusoidal alternating currents of 2 c.p.s. maintained vasoconstriction for the duration of the stimulation and a variable period thereafter, the post-stimulation effect being greater with the longer than with the shorter stimulation periods.
There was no significant blood pressure elevation in anesthetized dogs resulting from renal artery-nerve stimulation. This point is of interest in connection with the effects observed with chronic stimulation.
The chronic renal artery-nerve stimulation experiments have shown that it is possible to produce and maintain a profound arterial hypertension in dogs by such means. In one animal a convulsive state associated with an elevated blood creatinine occurred coincident with prolonged stimulation and was relieved promptly upon cessation.
In every case the arterial pressure fell toward normal after stimulation was discontinued. The rate of fall was not uniform. In some instances the return to pre-stimulation blood pressures was very prompt and not in others.
It appears that a study of the conditions determining the rate of return to normal pressure after stimulation might be rewarding and such studies are under way.
Renal artery-nerve stimulation has been maintained for a maximum of 27 days, and blood pressure elevation has persisted during the same period.
However, there is as yet no evidence that hypertension so produced has any important bearing on human essential hypertension.
It would be necessary to show either that comparable nervous effects were operating continuously in the human disease, or that the renal artery-nerve stimulation would in time under proper circumstances produce an irreversible hypertension, in order to make the present results of great interest to the essential hypertension problem.
However, there are many reasons for believing that nervous factors are of some importance in the genesis of human hypertension.
At present it is possible to state only that a severe, longstanding hypertension can be produced by appropriate renal artery-nerve stimulation, which persists at least for the duration of such stimulation.
Observations on the mechanism of the effect upon the kidney and blood pressure will be presented in another paper (11) . However, one point in this connection comes out of the studies reported here. The fact that blood pressure rises were not seen in anesthetized dogs stimulated for as long as 86 minutes during which time marked renal vasoconstriction occurred, appears to prove that the response observed with longer stimulation was not due to the simple hemodynamic effect of renal vascular constriction.
Therefore it is inferred that the local vascular bed constriction does not mechanically raise the blood pressure in the chronic stimulation experiments.
This deduction is further confirmed by the fact that maximal blood pressures are not ordinarily seen until 48 hours or more after stimulation is begun.
A neurogenic vasomotor effect on blood vessels elsewhere in the body resulting from chronic renal artery-nerve stimulation is not excluded but is unlikely since the effect may last 48 hours or more after cessation of stimulation. SUMMARY AND CONCLUSIONS
1. Electrodes were placed around one or both renal arteries and their accompanying nerves in both acute and chronic experiments on dogs. Electrical stimulation with various types and frequencies of current were carried out in acute experiments.
A sinusoidal alternating current of 2 c.p.s. was used in the chronic experiments.
All types of stimulation produced temporary renal vasoconstriction.
2. Sinusoidal alternating currents of low frequency were more effective in causing maintained vasoconstriction than similar currents of higher frequency.
Condenser discharges with slow decay characteristics were superior to rapid decay condenser discharges.
3. In acute experiments renal blood flow was reduced 75 per cent for as long as two hours during renal a!rtery-nerve stimulation without significant increase in arterial blood pressure.
4. Chronic renal artery-nerve stimulation (22 hrs. per day) resulted in an elevated blood pressure.
With continuous stimulation the blood pressure remained elevated for as long as twenty-seven days. Cessation of stimulation was accompanied by a decrease in blood pressure.
5. Although renal artery-nerve stimulation in chronic experiments resulted in hypertension for the duration of the stimulation there is no evidence as yet that a more persistent hypertension can be produced by the means described. 6. The evidence indicates that the hypertension produced by chronic renal artery-nerve stimulation is not a simple hemodynamic consequence of kidney vascular bed constriction.
